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SUMMARY 
This research examined the influence of the diffusivity 
on the continuous phase mass transfer coefficient to identify 
the mechanism of mass transfer for liquid-liquid extraction 
in agitated vessels. By identifying the prevailing mechanism 
of mass transfer, optimized design, future mathematical model-
ing, and scale-up considerations can be improved for applic-
ations such as mixer-settler design, emulsion polymerization, 
and reactor design. 
Results of this study are summarized below: 
1. 	For liquid-liquid extraction in agitated vessels k c has 
been shown to be proportional to D 2/3 . The exponent on 
the diffusivity was determined by using temperature 
variation to increase the range of D. With a 7.8-fold 
range of D, exponents of 2/3 on the diffusivity were 
found for both high and low interfacial tension systems, 
in agreement with the exponent on diffusivity at each 
of 10 temperatures in runs where only D varied 
(approx. 2-fold). Therefore, mass transfer mechanisms 
that invoke keD2/3 are appropiate for liquid-liquid 
extraction in agitated vessels. Exponents on D of 2/3 
indicate that drops in agitated vessels behave like rigid 
spheres with no internal circulation. However, the phenom- 
ena of drop breakage, which result in the formation of 
new and uncontaminated surface and in surface deform-
ation, is felt to be the key difference between solid-
liquid (se.D2/3 ) and liquid-liquid mass transfer. The 
majority of solid-liquid mass transfer studies that rep- 
1/2 ort keD 	have involved the use of sucrose solutions 
for viscosity variation, which undergo 	acidic hydrolysis 
and hydrogen bonding in the presence of acids. These inter-
actions between sucrose and acids in aqueous solution result 
in reduced mobility of acid solutes and lead to incorrect 
conclusions regarding the effect of D on lc. 
2. The exponent on the impeller speed, N, is consistently 
higher for liquid-liquid mass transfer than for solid-
liquid mass transfer, despite the fact that both disperse 
phases behave as rigid spheres (k c a D2/3 ); this is prob-
ably due to the drop breakage effect in liquid-liquid 
systems. For solid-liquid systems which do not undergo 
particle breakage, the exponents on N are thus lower. 
3. The effect of the continuous phase viscosity, P c , on 
the mass transfer coefficient, k c , was found to be -small-
er (kc  Ey
1/3 ) in this research than in studies where sucrose 
was used to increase viscosity. The interaction between 
sucrose and acids, as described earlier, resulted in 
higher exponents on viscosity for investigators who att-
empted to increase the range of the Schmidt number by 
using sucrose. 
4. A theory has been developed to describe the process of 
mass transfer that occurs in an agitated vessel. The 
Film-Penetration Theory with Periodically Varying Rate 
of Surface Renewal allows for the different degrees 
of turbulence that exist at various locations within the 
agitated vessel. 
5. 	Semi-theoretical dimensionless correlations for the mass 
transfer coefficient, kc , have been developed based on 
the theory of isotropic turbulence. The primary correl- 
ation involving the effect of drop breakage is given 
by 
./3(d 	 /9 (d )2/3 
kC p  = 25.459 	c  d 
	 "" I c  
	
D 	 p cD 	V c 	dl 	T 
3 2 :1)/12 
N 
0-1/2 
with an overall absolute deviation of 28.13% for the 
systems of this research. A secondary correlation was 
developed so that kc would be independent of the drop 
diameter, d , since the effect of d on k c cannot be 
determined experimentally for liquid-liquid systems. 
The correlation based on the contamination of the drop 
surface, such that k
c is independent of d 
l is as follows: 
a 
/12(d 1,i(c14/2 k d 	 c p ))/3( 2Np]r( N2) 
C 	1 	C 	1 ---2 gi 1.237(10 -.. ) ---- 
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for the three systems used in this study. The secondary 
correlation had an overall absolute deviation of 19.71%. 
Although the secondary correlation, involving drop sur-
face contamination, had a lower deviation than the corr-
elation involving drop breakage, the secondary correlation 
did not fit continuous phase mass transfer data taken 
from other investigators as well as the correlation inv- 
olving drop breakage. Therefore the correlation based 
on drop breakage was chosen as the general correlation 
of kc . In addition, the positive directional effect of 
d on kc was supported by the development based on the 
breakage frequency function (Equation 5-33). 
6. 	The Sauter-mean droplet diameters predicted by the 
correlations of Hong and Lee (1985) and Skelland and 
Hu (1986), which are perhaps the only correlations for 
unsteady-state drop sizes in agitated vessels, were com-
pared to the drop sizes of the present research and 
showed an overall absolute deviation of 45.2% for both 
correlations. 
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SUMMARY 
In industrial operations, the presence of surface 
active contaminants in trace amounts is widely encountered 
and the effects of these materials in distorting 
performance from that predicted by studies with pure 
systems need to be accommodated. In the present study, 
the effects of nonionic, anionic, and cationic surface 
active agents (SAA) on the minimum impeller speed for 
complete dispersion in agitated vessels were examined. 
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worked well in the prediction of minimum impeller speed 
using diminished interfacial tensions due to SAA, with an 
overall deviation of 11.67%. In contrast to some droplet 
phenomena (Mekasut, et. al., 1979), the difference between 
deviations among the surfactant systems was accounted for 
by experimental error and verified by two methods of 
statistical analysis. 
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ABSTRACT 
Data from three different sources have been pooled to 
obtain an empirical correlation of the minimum agitator 
speed needed to obtain complete liquid-liquid dispersion in 
baffled vessels. The variables include five common types of 
impeller, two generating axial flow and three radial flow, 
in four locations; fluid properties in eleven systems; tank 
diameter; liquid height; and volume fraction of the disperse 
phase. 
Observations from 481 runs were correlated with an 
average absolute deviation of 12.7% by the expression 
2a 
.106 	 -0.084 
(N ) . = C
2 (T
D 	 Ga ) ° Fr min 	 (NNBo ) 
where C and a are tabulated according to impeller type, 
location, and -- in some cases -- the ratio H/T. Scale-up 
relationships are developed from the above expression. 
Drop size, terminal velocity, and the onset of 
oscillation of chlorobenzene drops falling through water 
were determined in systems containing anionic, cationic, or 
nonionic surfactants. Surfactant concentration, nozzle 
diameter, and nozzle velocity were varied to cover the range 
of most industrial applications of drop formation from 
circular orifices in the nonjetting region. 
xi 
Existing correlations for drop size and terminal 
velocity in uncontaminated systems are shown to be adequate 
in the presence of surfactants (SAA) when used with the 
diminished value of interfacial tension due to the SAA. The 
applicability of criteria for the onset of oscillation in 
pure systems to those containing surfactants is examined. 
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ABSTRACT OF THESIS  
It has been found that drop formation under jetting conditions is 
preferable in liquid-liquid extraction in perforated-plate columns. 
Studies have been made to predict the size of drops resulting from jet 
break-up in Newtonian liquid-liquid systems. 
Because many industrial applications of liquid-liquid extraction 
are carried out in the presence of surface-active contaminants, it is 
important to study their effects on the process. This work examines 
the effect of surfactants on jet length, jet contraction, and drop 
size from jet break-up in Newtonian liquid-liquid systems. 
A total of 143 runs were made using the methods of Johnson (10) 
and Huang (9), and 501 photographs were taken resulting in data for 
143 jets and 3026 drops. These data were used to test the adequacy of 
the correlations of Skelland and Huang (29) in the presence of 
surface-active agents. 
Results of the study are summarized below: 
Jet Length  
Using the Skelland and Huang (29) correlation 
L j /dn = 5.0767 (ANwe)
05499 (pcxd)0.5245 
with the diminished values of interfacial tension due to 	the 
surfactant, resulted in a mean absolute error of 38.10% with standard 
deviation of 34.26. Skelland and Huang (29) reported an absolute 
deviation of 39.69% with their data. A regression analysis and a one 
way analysis of variance were performed on these data, showing good 
agreement between the values of jet length predicted by the previous 
correlation and the present data provided that the system is one of 
high interfacial tension. 
Drop Size 
Plots of Uo /Uom vs. do /dim were made for all runs as suggested 
by Huang (9) and Johnson (10). Comparison of the data with the 
values predicted by the Skelland and Huang (29) correlation 
do /djm = 3.0704 - 0.1701 ( Uo /Uom ) + 0.0487 ( U o/U om ) 2 
using diminished values of interfacial tension due to the presence of 
surfactants, showed a mean absolute error of 15.73%. Most of the 
experimental values were lower than those predicted. A better fit was 
obtained using Skelland and Huang's correlation for very low mass 
transfer rates 
do /d im = 2.7270 - 0.2028 ( Uo/Uom ) + 0.0731 ( U o /Uom ) 2 
iii 
iv 
( 11.08% error ). 
The greater dependence on flow rate exhibited by this correlation 
makes it more flexible, and will thus show more accuracy for various 
values of interfacial tension. For best results, however, one should 
use a separate correlation for each liquid-liquid system and each 
relative nozzle diameter. 
Jet Contraction 
Christiansen and Hixson (3), Johnson (10), and Huang (9) used a 
plot of d /d. vs. d /k to derive a least-squares line for their n jc 	n s 
data. Skelland and Huang (29) reported the following correlation 
d n/dic= 2.7350 ( do /9s ) + 0.5718 
from their data, which when used with the results of the experiments 
and diminished values of interfacial tension due to the presence of 
surfactants gave a mean absolute error of 13.03%. Predicted values 
were higher than the experimental values. This was probably due to a 
reduction in the rate of mass transfer caused by the surfactants. 
Because of the high probability of experimental error, one can ignore 
the small amount of error caused by the reduction in mass transfer 
rates. Two forms of statistical analysis were used to verify that 
this correlation is relatively accurate in the presence of surfactants 
using the reduced values for interfacial tension caused by the 
surfactants. 
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The interfacial area available for mass transfer is an important 
factor in liquid-liquid extraction and other separation processes; thus, 
knowledge about the size of drops formed at perforations or nozzles is 
fundamental. 
Most of the previous work on drop size has been for pure liquid-
liquid systems with special care taken to ensure absence of 
contaminants. In practice, however, almost all systems are plagued with 
the presence of surface active impurities. 
The purpose of this study was to attempt to determine whether 
the effect of such surface active impurities is simple or complex. Drop 
size data from systems containing surfactants was compared to the values 
obtained from the Scheele and Meister correlation for drop size using 
reduced surface tensions. Only the effect of surfactants on surface 
tension was considered. For pure systems, the Scheele and Meister 
correlation is considered to be "the best compromise between accuracy 
and ease of use." 
With the simplifying assumption that the only effect of the 
addition of surfactants to a system was on the interfacial tension, use 
of the Scheele and Meister correlation for contaminated systems as well 
as pure systems appears to be justified. It is important to note, 
however, that systems studied were chosen so that mass transfer effects 
were negligible. The complicated nature of the effects of surfactants 
on mass transfer may lead to the conclusion that the Scheele and Meister 
viii 
correlation cannot be applied to contaminated systems in which mass 
transfer occurs. This is a possible subject for future work. 
Papers either published or in the course of publication, based on 
work partially supported by NSF grants numbered CPE82-03872 and 
CPE82-03872/01 
Effects of Interaction Between Circulating or Oscillating 
Droplets on Drop Formation, Free Fall, and Mass 
Transfer 
A. H. P. SKELLAND and NICHOLAS C. VASTI' 
School of Chemical Engineering, The Georgia Institute of Technology, Atlanta, GA 30332, USA 
The effects of interaction between circulating or oscillating droplets on drop formation, terminal velocity, and the 
continuous phase mass transfer coefficient during free fall were studied. To examine the mass transfer coefficient during 
free fall both end effects were eliminated by subtracting the mass transferred in a short column from that transferred in 
a long column. A correlation for the prediction of drop volume based on the equations of Scheele and Meiter (1968) 
for non-jetting drops, and of Meister and Scheele (1969a, 1969b) for drops formed under jetting conditions, has been 
developed. The terminal velocity of the drops was enhanced by vertical interaction with adjacent drops at values of L/d„ 
< 5. The continuous phase mass transfer coefficient for circulating drops was reduced due to vertical interaction at 
Lid„ < 10; however, for slightly oscillating drops it was not affected by vertical interaction over the range of 1.5 < 
LI < 20. By conducting experiments with single and triple nozzle arrangements, horizontal interaction effects were 
found to be negligible for both systems. 
On a etudie les effets de l'interaction de gouttelettes circulantes ou oscillantes sur la formation de gouttes, la vitesse 
limite et le coefficient de transfert de masse en phase continue en chute libre. Pour examiner le coefficient de transfert 
de masse en une chute libre, on a elimine les deux effets de bouts en soustrayant la masse transferee dans une colonne 
courte de celle transferee dans une colonne longue. On a mis au point une correlation pour predire le volume des gouttes, 
has& sur les equations de Scheele et Meister (1966) pour les gouttes non-ejectees, et sur les equations de Meister et 
Scheele (1969a, 1969b) pour gouttes formees dans les jets. La vitesse terminale des gouttes est augmentee par une 
interaction verticale avec les gouttes adjacentes pour des valeurs de Lld„ < 5. Le coefficient de transfert de masse en 
phase continue pour les gouttes circulantes est diminue par l'interaction verticale, lorsque 1,1(1„ < 10; toutefois, dans 
le cas des gouttes Iegerement oscillantes, ce coefficient n'est pas affecte par 1' interaction verticale dans la gamme de 
1,5 < L/d„ < 20. En faisant des experiences avec des arrangements de gicleurs simples et triples, on a constate que 
les effets de l'interaction horizontale etaient negligeables pour les deux systemes. 
S pray and perforated-plate columns are commonly used in commercial liquid—liquid extraction systems. In 
these towers many drops are formed simultaneously and rise 
or fall in a swarm. However, most studies have been done 
on systems employing single drops or a single stream of 
drops. Not much work has been undertaken to study the 
effects of neighboring drops on drop formation, terminal 
velocity and the mass transfer coefficient. 
Desai (1980) studied the effects of interaction between 
oscillating droplets on formation, free fall, and mass trans-
fer. This work was originally designed to further Desai's 
experiments by studying the same interaction effects for 
stagnant and circulating drops. During experimentation the 
system chosen to give stagnant drops was in fact found to 
yield drops exhibiting incipient oscillation. Besides these 
droplets, drops which circulated internally were studied. 
The drops were formed from nozzles immersed in an immis-
cible liquid medium. Drop size was investigated, as well as 
the terminal velocity of the free-falling drops, and the ex-
perimental values were compared with those predicted by 
existing correlations. The mass transfer coefficient in the 
continuous phase was measured and its variation due to 
neighboring drops investigated. 
The work should aid in applying the design procedure for 
perforated plate extraction columns presented by Skelland 
and Conger (1973) to commercial systems, where dispersed 
phase holdups are quite high. 
'Present address: Amoco Oil Company, 2401 5th Avenue South, Texas 
City, Texas 77590, USA. 
Relationships relevant to this study 
DROP VOLUME 
The size of a drop formed in an immiscible liquid is 
dependent upon the physical properties of the system and the 
formation conditions. Scheele and Meister's (1968) cor-
relation is the most accurate simple equation to use for drops 
formed under non-jetting conditions in systems of low vis-
cosity liquids. It is written as: 
VF = F[(-rrCrifij S'Ap) + (20 Qd„14 Ap) 
— (4 pd QU„I3 gap) + 4.5 (Q 2(12pd cr/g 242) 1 /1 
	  (1) 
The drag term (containing li r ) may be neglected for con-
tinuous phase viscosities less than 0.01 Ns/m 2 . This equa-
tion was derived for a parabolic velocity profile in the 
nozzle. For a flat velocity profile, one simply replaces the 
constant 4/3 in the kinetic term by 1.0. 
In a later study Meister and Scheele (1969b) developed a 
correlation for drops formed under jetting conditions. 
Basing their analysis on a force balance they arrived at the 
following equations: 
For jet lengths greater than one wavelength, 
VF = 27r 2(a 3)A/2/N(Ka)...(UrlUA)x12 	 (2) 
and for jet lengths less than one wavelength, 
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VF = FRircrd1 gAp) + (20 p.,,Qd, Id2pg zip) 
— (4 pdQU„d I
3 dj2 gAp) + 7.15 ( Q 2d j2 pd 0. / 4 g 2
0P
2) 1/3 ] 
	  (3) 
The above equation is very similar in form to Equation (1). 
In order to calculate d3 , the jet diameter, the length of the jet 
must be known. If this is not available it can be calculated 
by the equations of Meister and Scheele (1969a). The jet 
diameter can be predicted from Shaer' s jet contraction 
equation (Meister and Scheele, 1969a; Shiftier, 1965). This 
is an iterative procedure, but a reasonable estimate of d„ is 
usually sufficient for a quick solution. 
JETTING VELOCITY 
As flow through a nozzle increases, a velocity U,, will be 
reached at which jetting begins. Scheele and Meister (1968) 
proposed two mechanisms for jet formation. The first con-
siders that a jet will be formed if there is a sufficient upward 
force at the nozzle exit. By making a balance on the inter-
facial tension, kinetic, and pressure forces, they obtained for 
a parabolic velocity profile in the nozzle, 
U,,; = 1.73 [cr(d„ — d,,)/Pdd„d„]°5 	  (4) 
For a flat velocity profile in the nozzle the jetting velocity 
becomes 
U,,, = 2.0 [cr(d,,, — (1,,)1Pdd„4]" 	  (5) 
The second mechanism considers that a jet will form when 
the velocity of the drop is low enough that it will rise less 
than one diameter during the time of formation of the next 
drop. The merging drops then form a continuous jet The 
jetting velocity in this case is 
U,,, = 	R,134 	  (6) 
where UR, is the average rise velocity for the first diameter 
of rise. 
TERMINAL VELOCITY 
When a drop is released from rest into another immiscible 
liquid it will accelerate to its terminal velocity and rise or fall 
through the liquid at this rate. Klee and Treybal (1956) 
noted a peak in the U, versus dp curve, corresponding to the 
beginning of drop oscillation. Their data were correlated by 
the following equations: 
= 3.042 pc -0.45 p 0.58 0„. -0.H 40.70 	< dc) 	(7) 
and 
U, = 4.96pe-°.55Ap0.28 c0.10 0.18 , (dp > dc) 	 (8) 
where 
d, = 1.772 pe- 0.14 A0-0.43 11,0.30 0.0.24 
	
(9) 
These expressions predict terminal velocities that increase 
with increasing drop diameter up to a critical diameter, after 
which the terminal velocity becomes constant, and is de-
pendent only upon the physical properties of the system 
involved. 
Grace et al. (1976) utilized data from several sources and 
conducted many experiments of their own, enabling their 
correlation to cover a wide range of variables. They found 
that the purity of a system had a large effect on the terminal 
velocity of a drop. Because of this they separated the data  
in the literature in accordance with the degree of care taken 
by the respective authors to eliminate surfactants. They de- 
veloped the following correlation for contaminated systems: 
J = 0.94H°3" (2 < H 	59.3) 	 (10) 
J = 3.42H°' 
where 
(H > 59.3) 	  (11) 
H = (4/3)NE0 149 (ichlw)-0.14  	(12) 
J= NRemo.149 + 0.857  	(13) 
The value of 59.3 for H corresponds to the transition from 
non-oscillating to oscillating drops. The terminal velocity is 
then given by 
U, = (11,1Pcdp)W° '49 (J — 0.857) 	  (14) 
For pure systems involving bubbles or drops at low Rey-
nolds numbers, the above equation was modified to 
U,,,,„re = U, El + 1/(2 + 314/1-0] 	  (15) 
CONTINUOUS PHASE MASS TRANSFER COEFFICIENT 
There are three stages during which mass transfer takes 
place to or from a single drop in an extraction column: 
1) the formation stage; 
2) the free fall period; 
3) the coalescence period. 
This work was concerned with the mass transferred during 
the free fall stage. When a drop falls through an immiscible 
liquid it will be either stagnant, internally circulating, or 
oscillating, and the mass transfer coefficient is thus de-
pendent upon the state of the falling drops. Correlations for 
drops in each of these states are listed in Table 1. 
For swarms of internally circulating drops rising or falling 
in a system of low interfacial tension, Treybal (1963) pro-
posed the following correlation: 
0.43 0.1., /p,De r58 k, = 0.725(d„Us pe /p, c ) 
where 
Us = Ud/44)d + UcAl — 4)d) 	  
— (1)d ) 
(25) 
(26) 
CRITERIA FOR DROP OSCILLATION 
Some of the published criteria for the onset of droplet 
oscillation are: 
a) Nwe > 3.58 	 Hu and Kintner (1955) 
b) d„ > 1.772 140.30 cro.24/pco.14Apo.43 
Klee and Treybal (1956) 
c) NRINpG ° 15 > 20 
	
Johnson and Braida (1957) 
d) dp > 0.162 (Pd/4)" 
	
Edge and Grant (1971) 
e) H > 59.3 
	
Grace et al. (1976) 
Experimental work 
SYSTEMS 
The following continuous-phase-controlled systems were 
used in this work. The dispersed phase is specified first, 
followed by the solute and the continuous phase. 





H2O — CH3 















Correlations for k,., for Single Streams of Drops° 
State of drop Eqn. no. Correlation Reference 
Stagnant" 16 k„ = 0.74(D,14)(N Rc)"(N sc) 111 Skelland and Cornish (1963) 
Circulating' 17 k„ = (2/Nrn)(D, Uld, ) 1 / 2 (84):„.„ /4 3 ) 112 Shirotsuka and Kawase (1975, 1976) 
Circulating° 18 = (D,14)12 + 1.13(NR,Ns,) 1/2 k„ 112 1 Griffiths (1960) 
Circulating 19 k„ = (21\1-0(D, dp) {1 — NR. II2 
x [2.89 + 2.15(N/10°641} / 2 (N Rc l V s.) I/2 
Weber (1975) 
Circulating 20 k„ = (D,/d,)( -178 + 3.62NR, 1/2Nsc I/3 ) Thorsen and Terjesen (1962) 
Circulating 21 k„ = (D, I clp )(— 126 + 1.8NR, 1/2Ns ° 42) Garner et al. (1959) 
Circulating 22 k„ = 0.6(D, I dp)NR 112N sr 1/2 Garner and Tayeban (1960) 
Oscillating 23 k„ = 1.2D," [48crin2r4, 3 (2p, + 3pd)l 114 Clift et al. (1978), p. 197 
Oscillating 24 Ic„ = (I),/ 4)(50 + 0.0085NR,' 0Nsc°7) Garner and Tayeban (1960) 
'NR, and Ns, refer to the continuous phase properties throughout. 
" For other expressions, see Skelland (1974), pp. 276-277. 
`8 ott,„„/4, 3 is given graphically as f(LID,) in Shirotsuka and Kawase (1975). 
'Selected from Griffiths' (1960) Table 2 since (1 — k„)(6/E„)(k,Ns,' /3) -1 < 1/3. 
TABLE 2 
Equilibrium Distribution 
System 	 Relation 
	
0, range kmol/m 3 
C6H5C1 
	
Cad = 7.868 x 105 C:, 199°4 
	
1.5 x 10 -3 — 1 X  10-2 
—C6H5COOH — H2O 
C6H5CH3 
H2O — CH 3COOH — C6H5CH 3 	C:d = 5.5463 x 1020, 1 ' 377 
	
2 x 10-4 — 1 x 10 -2 
TABLE 3 
Physical and Transport Properties 
From Skelland and Huang (1979). 
'From Perry et al. (1963). 
`From Chang and Wilke (1955). 
System I: Mixture of Chlorobenzene (76.3 vol. %) and 
Toluene—Benzoic Acid—Distilled Water, 
System II: Distilled Water—Acetic Acid—Toluene. The 
solute was transferred from the organic to the aqueous phase 
throughout. The distribution of the solute and the physical 
properties are shown in Tables 2 and 3. Chlorobenzene was 
supplied as "purified grade" with a residue after evaporation 
of 0.02%. The toluene used in system I was "Certified 
Reagent Grade" with a residue after evaporation of 
0.0002%; for system II it was "Purified Grade". A "Fisher 
Certified Primary Standard" of benzoic acid was employed 
as solute in system I. Acetic acid, "Fisher Certified Reagent 
Grade", with a residue after evaporation of 0.0008% was 
used in system II. Volumetric analysis of solute was per-
formed with sodium hydroxide solutions standardized daily 
against a solution of potassium biphthalate. To retain a 
single phase throughout a titration, 80 mL of isopropanol 
were added. 
APPARATUS 
The apparatus was designed to produce three parallel 
streams of drops. The general layout is described by 
Skelland and Caenepeel (1972) and by Skelland and Minhas 
(1971), and Figure 1 shows a diagram of the equipment. The 
principal modification in the present work compared to the 
two earlier papers consisted of the introduction of three 
Teflon needle valves (V 2 , V3, V4), one for each nozzle, so 
that after each one had been adjusted to give a desired flow 
rate, the total flow could be turned on or off by valve V I , 
without further adjustment of V2, V3 and V4. The disperse 
phase was contained in a constant-head buret made from a 
0.066 m ID glass column, with a height of 0.62 m. 
The three nozzles were located on the corners of a 
0.019 m equilateral triangle, and represented an attempt to 
simulate the hole distribution and multidrop formation con-
ditions on a perforated plate. Six different nozzle sets were 
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Figure 1 - Diagram of the apparatus. 
Mot to scale 
lubber stopper 
Capillary tube 
Figure 2 - Diagram of laser counter. 
used, as described in Table 4. The nozzle tips were im-
mersed in the stationary continuous phase, contained in a 
vertical cylindrical glass column of 0.047 m ID. The two 
column heights were 0.16 m and 0.857 m, respectively. 
MEASUREMENTS 
Drop sizes were determined by counting the number of 
drops formed from a known volume of dispersed phase used 
during a given run. Depending on the nozzle rate, the for-
mation times were measured either with a stopwatch or a 
photocell-digital counter. For drop formation times less than 
0.40 s the digital counter assembly was used. The apparatus 
is illustrated in Figure 2. Briefly, a laser (L) was used to 
emit a beam of intense light which was detected by the 
photocell (P). Connected to the photocell was a digital 
counter (C) which gave the drop formation time in milli-
seconds. When a drop passed between the laser and the 
photocell it deflected the beam and this incident was re-
corded by the counter. The assembly counted ten drops and 
gave the average time per drop for the series of drops. The 
TABLE 4 









1 0.0635 0.1631 3.9 
2 0.0746 0.1598 4.0 
3 0.0850 0.1962 4.4 
4 0.1036 0.1884 3.8 
5 0.0601 0.1507 3.9 
6 0.1157 0.1951 3.8 
terminal velocity of a drop was calculated by measuring the 
time that it took for a drop to fall 0.65 m. This was preceded 
by about 0.14 m of fall to allow the drop to reach its terminal 
velocity. Enough solute was dissolved to make the concen-
tration in the dispersed phase (system I), or the continuous 
phase (system II), about 1% by weight. Exact concen-
trations of solute before and after each run were measured 
by titrating aliquot samples with an aqueous NaOH solution 
to a phenolphthalein end point. The overall mass transfer 
coefficient during free fall was then calculated as in the 
work of Garner and Skelland (1956), and Skelland and 
Wel lek (1964). 
By adjusting the drop formation time, the vertical dis-
tance between consecutive drops from each of the three 
nozzles could be varied. The range covered in this study was 
1.20 45.2 where d„, signifies the diameter of a 
sphere with the same volume as the drop and L is the vertical 
distance between consecutive drops. More detailed informa-
tion concerning the operational, analytical, and computa-
tional procedures is given by Vasti (1981). 
Results 
STATE OF THE DROPS 
The two classes of drops studied in this work were cir-
culating and incipiently oscillating. In order to observe visu-
ally the state of the drops, tests were run with aluminum 
particles in the drops, which were allowed to fall through the 
appropriate continuous phase. Results of these tests indi-
cated that system I yielded circulating drops. In similar trials 
the system II drops appeared to be stagnant for the low d„ 
region. Experimental results, however, indicated that these 
drops were actually in the range of incipient oscillation. 
Comparisons with the published criteria for the prediction of 
the onset of droplet oscillation are listed in Table 5. The 
drops were observed to fall through the column in a spiral 
path or in a zig-zag motion, as noted by previous authors 
(Clift et al., 1978, p. 188). 
DROP VOLUME 
The drop volume for each system and nozzle size was 
plotted against the velocity of flow in the nozzle; two sample 
plots from the eight obtained appear in Figures 3 and 4. The 
predicted and observed jetting velocities are also indicated 
on these plots. These values are listed in Table 6. The drop 
volumes as predicted by Scheele and Meister's (1968) cor-
relation (Equation (1)) for nozzle velocities below jetting are 
shown. For nozzle velocities in the jetting region, drop 
volumes as predicted by Meister and Scheele's (1969b) cor- 







Nozzle velocity at jetting, 
cm/s 
Predicted Observed 
System I 0.0635 32.97 29.23 
System I 0.0746 30.23 24.82 
System I 0.0850 28.15 23.99 










System II 0.1036 22.94 26.86 
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Comparison Between Published Criteria for the Onset of Droplet Oscillation and the Ranges Encountered in this Work 







Criterion 	 Range studied 
Hu and Kintner (1955) 
Klee and Treybal (1956) 
Equation (9) 
Johnson and Braida (1957) 
Edge and Grant (1971) 
Nwe > 3.58 
dp>d, 
d, = 0.654 m x 102 
AlitiNpG° 15 > 20.0 
4> dr ., 
dp ., = 0.766 m x 102 
0.19 <Nvk  < 2.18 
0.212 <4, < 0.691 
2.82 <NR./Npc ° < 16.99 
0.212 <dp < 0.691 
Nwe > 3.58 
dp>d, 
d, = 0.369 m x 102 
N•,/NpG°15 > 20.0 
dp.,= 0.447m x 102 
0.83 <Nw, < 3.92 
0.203 < dp< 0.550 
7.30 < NReMPG° 15 < 26.12 
0.203 < d, < 0.550 
NOTE: Conclusion: System I is largely free from oscillation, but its drops were circulating. Many drops of System II were oscillating; incipient oscillation 
seems indicated. 
Figure 3 - Drop volume versus nozzle velocity. System I. 
Nozzle set 4 (0, single nozzle; M, triple nozzle; A = predicted 
jetting, B = observed jetting). 
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Figure 4 - Drop volume versus nozzle velocity. System II. 
Nozzle set 4 (0, single nozzle; ■ , triple nozzle; A = predicted 
jetting, B = observed jetting). 
relation (Equation (3)) are indicated. These values were 
calculated using the jet diameter at breakup as predicted by 
Skelland and Huang (1979), for di . The results indicate that 
there is an abrupt decrease in the drop volume at jetting. 
It may be noted that drops of system I were observed to 
form at the nozzle internal diameter. In contrast, drops of 
system II formed at the outside diameter in the non jetting  
region. These ID or OD values were used as appropriate 
when applying Scheele and Meister's (1968) drop volume 
correlation. 
It was desired to predict the drop volume by making a 
correction to the Scheele and Meister (1968) correlation to 
accommodate higher nozzle velocities. The drop volume 
data obtained by Desai (1980) have been incorporated in this 
portion of the research. Desai's two systems were as fol-
lows; the disperse phase is given first, followed by the solute 
and then the continuous phase. 
System I. Chlorobenzene - Benzoic Acid-Water. 
System II. Carbon Tetrachloride-Benzoic Acid-Water. 
Initially the following relationship was proposed: 
Ve/Vsm = f(Nweiv,NpG) 	  (27) 
It was then assumed that 
Ve/Vsm = KNwe ,N7NpG 13 	  (28) 
The exponent 'y was evaluated by plotting log (Ve/1 1,,,,) 
versus log (NWe,N)  for each system and obtaining the slope 
by linear regression analysis. These plots indicated different 
exponents depending on the region of flow (Vasti, 1981). 
Three regions were observed: 
(1) Low Nwejv region corresponding to low nozzle 
velocities. 
(2) Intermediate Nwe ,N region corresponding to a transi-
tion regime. 
(3) High Nwe ,p,, region corresponding to jetting velocities. 
The region of each flow regime can be classified by the 
value of the Nwe ,N , as listed in Table 7, which also shows the 
values of 'y for each flow region. 
The next step was to evaluate p. This was accomplished 
by plotting log (Ve /VsmNwe .p?) versus log (NpG), using the 
appropriate value of -y, and calculating the slope through 
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TABLE 7 
Values for Drop Volume Correlation 
Nwe,v region 
0 < Nw", < 0.7 -0.04758 0.03691 
0.7 < Nw,ry < 1.75 -0.75070 0.03691 
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Figure 5 - Multiple (triple) nozzle drop volume correlation: 
Vilc, versus Nw..N .Wpc ° (•, System I; 0, System II; 1=1, System 
I Desai (1980); IL System II Desai (1980)). 
d (cm) 
Figure 6 - Terminal velocity versus drop diameter. System I (0, 
single nozzle; M, triple nozzle; 1 = correlation of Grace et al. 












Figure 7 - Terminal velocity versus drop diameter. System II 
(IC single nozzle; III, triple nozzle; 1 = correlation of Grace et al. 
(1976); 2 = correlation of Klee and Treybal (1956)). 
these points. Two values of 13 were obtained; one for the 
non-jetting region, and one for the jetting region. These 
values and regions of flow are listed in Table 7. 
The final step was to evaluate the constant, K. This was 
done by plotting log ( Ve /V„„) versus log (NwervWpG13),  using 
the correct values of -y and 13, and calculating the slope  
through these points. This is plotted in Figure 13. Linear 
regression was used to obtain a value of 0.3078 for K. The 
final correlation can be expressed as 
V,/Vs„ = 0.3078 NWeN 1 N PG 13 0.5 Nw e,v -WpG 13 < 4.0 
	  (29) 
where -y and 13 are given in Table 7. 
TERMINAL VELOCITY 
The terminal velocities for both systems are plotted versus 
drop diameter dp in Figures 6 and 7. Also shown are the 
terminal velocities for these drops falling singly as predicted 
by the correlations of Klee and Treybal (1956) (Equations 
(7- 9)) and Grace et al. (1976) (Equations (10-15)). The 
latter correlation, which is for very pure systems, fits the 
data of both systems better than that of Klee and Treybal 
(1956). In both plots the data follow the shape of the Klee 
and Treybal correlation, but are all higher. In their work, 
Klee and Treybal (1956) did not take great care to eliminate 
impurities in their materials, yet the presence of surfactants 
has since been shown to reduce droplet terminal velocities 
(Skelland and Huang, 1977). The presence of parallel drop-
let streams appears to have no noticeable effect on the termi-
nal velocity of the drops. During these experiments the 
drops seldom fell side by side so that this effect would be 
difficult to study. The terminal velocity is observed to in-
crease with increasing droplet diameter, while in system II 
the terminal velocity reaches a maximum. This is due to the 
onset of oscillations and has been observed by previous 
authors (Johnson and Braida, 1957; Klee and Treybal, 
1956). The scatter of the data can be attributed to the some-
what erratic drifting of the drops and the zig-zag or spiral 
paths of the drops as previously described. 
In order to study any possible interaction effect, it was 
necessary to eliminate the effect of droplet diameter on 
terminal velocity. This was accomplished in the following 
manner. For a given system, from Klee and Treybal's 
(1956) correlation for d,,, less than dc, 
uopc, d0.70 p 
If di, d, then Ut,d is a constant value. Therefore a represen-
tative or "standard" drop diameter can be chosen. This was 
selected as the largest drop diameter observed in either sys-
tem. It follows from Equation (30) that 
= 1-1,,d0 (dod/dp)"° 	  (31) 
By plotting Ut,c1,(dstdi  dp )°.7° versus Lid, as in Figures 8 and 
9 possible interaction effects can be observed. 
Figure 8 indicates that there is some interaction present at 
Lldp < 20. The most significant interaction effects are ob-
served at Lldp < 5. As the vertical distance between drops 
increases for Lldp > 20, the drops behave as single drops 
and no interaction is present. 
For system II, most of the data are in the low Lldp region, 
as evidenced by Figure 9, which contains only those cases 
(30) 















Figure 11 - k„ versus drop diameter. System II (incipiently os-
cillating drops) (•, single nozzle; IL triple nozzle; I = correlation 
of Gamer and Tayeban (1960); 2 = correlation of Clift et al. 
(1978)). 
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Figure 8 - Effects of vertical interaction on the terminal velocity 
for circulating drops: Uz. d„(ds,d/c/p)° " versus 1.14,. System I (p, 
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Figure 9 - Effects of vertical interaction on the terminal velocity 
for incipiently oscillating drops: U,../.(dvaid.)°  "versus Sys-
tem II (•, single nozzle; M, triple nozzle). 
where dP < dc . For this system appreciable interaction ef-
fects are observed for LIdi, < 5. These plots indicate that the 
terminal velocity is enhanced by the presence of vertically 
neighboring drops at low Lldp . It was often observed that a 
drop falling closely behind another would pass the leading 
drop, eventually slow down and sometimes be passed by the 
newly trailing drop. This phenomenon was sometimes ob-
served over a length of 20-30 cm. 
Figures 8 and 9 indicate enhancement in drop velocity of 
about 20% when Lid, is reduced from 5 to 2. Although not 
generalized, this figure shows the order of magnitude that 
may be expected in terminal velocity effects due to vertical 
interaction. A correctional procedure for swarms of drops  
1. 	0. 012 
• 
• awe 
Figure 10 	k„ versus drop diameter. System I (circulating 
drops) (•, single nozzle; IL triple nozzle; curves 1 to 6 are the 
correlations of Shirotsuka and Kuwase (1976), Griffiths (1960), 
Weber (1975), Thorsen and Terjesen (1962), Garner et al. (1959), 
and Gamer and Tayeban (1960), respectively). 
Figure 12 - Effects of vertical interaction on the continuous phase 
mass transfer coefficient for circulating drops: k,,,dp(dp 1 40° " 
versus L 1 cip . System I (•, single nozzle; III, triple nozzle). 
might therefore proceed in the following tentative manner: 
1) Compute d„ from Equation (29). 
2) Estimate u, from the correlation of Grace et al. (1976) 
(Equations (10-15)) if the system is very pure, or 
from Klee and Treybal (1956) (Equations (7-9)) if 
"normal degrees" of contamination are anticipated. 















3) Calculate the drop formation time as tf = 2d, 3/3d„2 /4„. 
4) Obtain a first estimate of Lida, as tof /d„ = (2/3) 
(ulun )(dp /d„)2 . 
5) If Lldp in (4) is >5, retain the u, estimate from (2) and 
the L/dp from (4). 
6) If Lldp in (4) is <5, estimate the % increase in u, due 
to vertical interaction from Figure 8 or 9. (This as-
sumes, as an expedient, that the % change in it, over 
a given range of Lid, is independent of the system.) 
7) Repeat steps (4-6) until u, and Lid, become constant. 
MASS TRANSFER DURING FREE FALL 
The continuous phase mass transfer coefficients for both 
systems are plotted versus drop diamter dp in Figures 10 and 
11. Also shown in Figure 10 are the values predicted by the 
correlation of Shirotsuka and Kawase (1976), which allows 
for vertical interaction, but indicates that this is significant 
only for L/dp 5- 4. In addition, predictions are indicated 
from the circulating drop relationships presented by 
Griffiths (1960, his Table 2, formula 4), Weber (1975), 
Thorsen and Terjesen (1962), Garner et al. (1959), and 
Garner and Tayeban (1960), none of which accounts for 
droplet interaction. All of these expressions are listed in 
Table 1. Figure 10 shows that k„ decreases slightly with 
decreasing dd . This is at variance with most of the re-
lationships plotted in Figure 10, including that of Garner and 
Tayeban, to which the data are closest, suggesting some 
vertical interaction effect which reduces the continuous 
phase coefficient (Lida, was smaller with smaller dp values). 
No interaction between parallel drop streams is apparent, 
since no stratification is seen between the single and triple 
nozzle data points. 
Figure 11 shows that the incipiently oscillating drop data 
(system II) are well fitted throughout by the correlation of 
Garner and Tayeban (1960) for oscillating drops, while 
showing regions of deviation from the expression given for 
oscillating drops by Clift et al. (1978). The Garner and 
Tayeban (1960) correlation shown in Figure 11 is based on 
data from three experimental systems and contains no allow-
ance for vertical interaction. The agreement exhibited indi-
cates the absence of such interaction in the incipient oscil-
lation range. The absence of interaction due to parallel drop 
streams again follows from the lack of stratification between 
the single and triple nozzle data. 
As in the terminal velocity studies, it was necessary to 
eliminate the effect of droplet diameter on kcr for circulating 
drops as follows. For a given system, Equation (22) with 
Equation (30) shows that, for circulating drops, 
kcr ,t/ 	
dp 0.15 
	  (32) 
As before, a "standard" drop diameter was chosen as the 




 15 	  (33) 
By plotting kmd,,(dpidski) 0. " versus Lldp as in Figure 12 
significant interaction effects are seen for Lldp < 10. This 
shows that for circulating drops in the range of Lldp < 10 
the mass transfer coefficient is reduced due to the presence 
of neighboring drops in a vertical stream. 
Figure 12 indicates a reduction in the continuous phase 
mass transfer coefficient of about 45% when Lid, is reduced 
from 10 to 2. Although not generalized, this may give some 
rough guidance on the effects of vertical interaction on ka- 
Thus a tentative correction procedure for swarms of drops 
might parallel that already described for terminal velocity. 
The u, and Lldp estimated there in a 7-step computation may 
be used in the correlation chosen to calculate k„ for circu-
lating drops, and the % reduction in this kcr  due to vertical 
interaction is then estimated using Figure 12. Again the 
expedient assumption is made that the % change in k„ over 
a given range of L/dp is independent of the system. 
Conclusions 
The following conclusions can be drawn from this study: 
1) The drop volume has been correlated using modifica-
tions of the correlations of Scheele and Meister (1968) 
for non-jetting drops, and Meister and Scheele (1969b) 
for drops formed under jetting conditions. 
2) The correlation of Grace et al. (1976) was found to best 
predict terminal velocities. 
3) The continuous phase mass transfer coefficient for circu-
lating drops was best predicted by the appropriate cor-
relation of Garner and Tayeban (1960). 
4) For oscillating drops, the continuous phase mass transfer 
coefficient was best predicted by the appropriate cor-
relation of Garner and Tayeban (1960). 
5) The terminal velocities for both systems were enhanced 
by vertical interaction with adjacent drops for values of 
< 5. No horizontal interaction was observed. 
6) The continuous phase mass transfer coefficient for circu- 
lating drops was reduced due to vertical interaction at 
< 10. No effect due to horizontal interaction was 
detected. 
7) For incipiently oscillating drops, no interaction ef-
fects on the continuous phase mass transfer coefficient 
were observed. 
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Nomenclature 
a 	= jet radius, m 
Ct, CA*d = equilibrium solute concentration in continuous and 
dispersed phases, respectively, kmol/m 3 
Di., Dd = molecular diffusivity of solute in continuous and dis-
persed phases, m2/s 
= critical drop diameter defined in Equation (9), m 
= jet diameter, m 
= nozzle diameter (ID or OD as appropriate), m 
= diameter of sphere with the same volume as the drop, 
m 
= transition drop diameter, m 
dra 	= standard drop diameter, m 
Eo = Eotvos number = gApdp 2/o- 
F 	= Harkins-Brown factor 
= function 
g 	= acceleration due to gravity, 9.81 m/s 2 
g, = gravitational constant 
H 	= dimensionless group defined by Equation (12) 
J = dimensionless group defined by Equations (10, 11) 
K 	= constant in Equation (28) 
= dimensionless wave number of dominant symmetrical 
wave 
kcr 	= individual mass transfer coefficient for continuous 
phase during free rise or fall, m/s 





= individual mass transfer coefficient for continuous 
phase during free fall for a drop of diameter d„, m/s 
= individual mass transfer coefficient for continuous 
phase during free fall for a drop of "standard" di-
ameter, m/s 
k, 	= ratio of actual interfacial speed to the potential flow 
interfacial speed 
L 	= vertical distance between two consecutive drops, m 
M = modified Morton number = gp.„ 4.Ap/p, 2c 3 
N 	= factor in Equation (2) to account for wave splitting 
NPG = physical property group = (Pe 20.3ge 3)/(g14 4 AP) 
NRe 	= Reynolds number = U,d,pc/P, 
Nw, = Weber number = (dpUr 2Pe)1(Cr gc) 
Nwefi 	= nozzle Weber number = (u„24pa)1(0. gc) 
Q = volumetric flow rate, m 3/s 
EIA 	= average jet velocity, m/s 
Ur, Ua = superficial velocity of continuous and dispersed 
phases based on empty column cross section, m/s 
U, 	= interfacial velocity, m/s 
U„ = velocity of the dispersed phase through the nozzle, 
m/s 
U„, 	= jetting velocity through the nozzle, m/s 
UR, = average rise velocity of drop over first drop diameter 
of rise, m/s 
= slip velocity, m/s 
U, = terminal velocity, m/s 
= terminal velocity of a drop of diameter dr, m/s 
4.d,„, 
	
	= terminal velocity of a drop of "standard" diameter, 
m/s 
U,,,„ 	= terminal velocity of a drop or bubble in the limit of 
absolute purity, i.e., for no surface-active con-
taminant present, m/s 
V, = experimental value of drop volume, m 3 
VF 	= volume of forming drop, m 3 
V, = volume of drop, m' 
V,,. 	= volume of drop calculated by Equation (1) due to 
Scheele and Meister (1968), m 3 
Greek letters 
= exponent in Equation (28) 
= exponent in Equation (28) 
= difference 
1.1 1 = viscosity of the continuous and dispersed phases, re-
spectively, Ns/m2 
= viscosity of water, Ns/m 2 
= ratio of the concentration boundary layer thickness 
with interfacial flow to that without interfacial flow 
= density of the continuous and dispersed phases, re-
spectively, kg/m 3 
= interfacial tension, N/m 
= dispersed phase hold up 
= approximate velocity potential at stagnation point, m 3 
Subscripts 
X/2 	= one half of wavelength, m, at a distance 
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Trim 
SENO3 1 Minimum Agitator Speeds for Complete Liquid—Liquid Dispersion 
ADRO2 
AUTO3 	 A. H. P. Skimnand and George G. Ramsay 
AASOS 1 
ABS03 
SENO t 	 Data from three different sources have been pooled to obtain an empirical correlation of the minimum agitator 
=Me speed needed to obtain complete Iquid id dispersion In baffled vessels. The variables Include 5 common types 
of impellers, 2 generating axial flow and three radial flow. In four locations, fluid properties in 11 systems, tank 
ar 	 ammeter, Squid height, and volume fraction of the dIsperse)phase. 
TTTO3
PAR03 
sates 	Observitions from 481 runs were correlated with an 	 f`P'‘ 0f j fj'3C 
to average absolute deviation of 12.7% by the expression 
is (No,),olo C2(77D)2.01106(NosNoora084 where C and a are 
13-fl as tabulated according to the impeller type, location, and--in 
SENN 34 
	
some cases-the ratio HIT. Scale-up relationships are 	‘p-sON A. 1/4 	4.5 s developed from the above expression. 	 Igstt 
=TN 	  
PARI4 
SENN 1 	Liquid-liquid dispersion in agitated vessels fords ex- 
s tensive application in mixer-settler design in extraction 
SEN06 is operations and in emulsion polymerization processes. In 
a such work, it is necessary to ensure that the agitator speed 
is is high enough to achieve complete dispersion of one liquid 
mow it in the other. Skelland and Seksaria (1978) showed that, 
s in some cases, impeller speeds of 1000 rpm are insufficient 
is to ensure complete dispersion. 
PAM. 
SENO3 1 	The few previous studies began with Nagata's (1950) 
to work; he used an unbaffled, flat-bottomed vessel, with a 
is centrally mounted, four-bladed flat-blade turbine agitator, 
MINOS 33 with T ID of 3 and a blade width of 0.06T. He obtained 
4 the empirical expression 




, ),„( zior 
.... - 	- 
Pc Pe 
(1) 
REQU 1 (006, 6- 7) 
7 and be reported that N. is independent of interfacial 
is tension. 
PARIS 
sum 1 	Van Heuven and Beek (1971) studied dispersion with 
sous to a six-bladed disk turbine in a baffled vessel. From a 
combination of theory and experiment, they obtained 	
694\ 6iO- " 
3.28g13-384°,1641alcrus(1 + 2.gtim 
N.„, • 	 (2) 
Ll°-"p1/154 	 POIN. 
is where DI T was constant at 0.3. 
PAIN 
SENO3 i 	The study by Skelland and Seksaria (1978) included a 
tt variety of impellers-propellers, pitched-blade turbines, 
is flat-blade turbines, and curved-blade turbines-in a baffled 
sates st vessel. They found 
Now, CoD*812.1/9po-IMOUtip°35 	(3) 
sees 4 where HIT • 1 and = 0.5; T did not vary. The constants 
4 Co and ao were functions of the impeller type and location. 
PARIS 
sasm 1 	A related phenomenon is the minimum impeller speed 
to required to suspend solid particles off the bottom of the 
sears 93 vessel in an agitated solid-liquid suspension. Zwietering 
a (1958) used turbines, paddles, propellers, and vaned disks 
it to suspend sand and sodium chloride particles in liquids 
slues at in baffled vessels. He presents 




sets 1 	Pavlushenko at aL (1957) used three-bladed square-pitch 
s propellers for sand and iron suspensions to obtain 





SENO3 i 	Differences in the exponents on a given variable in eq 
12 4 and 5 are noteworthy, including the conflicting direc-
t° tional effect of it, indicated by the two expressions. 
TITO! 
(4) 
C;T) 6 • • • 
REQU 2 (006,10-11) 
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TXT09 
SENO3 1 Experimental Apparatus and Procedure 
PAR27 
SENO3 1 	Fluids Used. Deionized water formed one phase in all 
MOB 9 runs; the other phase consisted of one of the following 
presaturated with water in all cases: ethyl acetate, bens- 
PARES 	
aldehyde, chlorobenzene, and carbon tetrachloride. 
WM 1 	Fluid properties appear in Table L Interfacial tensions 
mos 4 for ethyl acetate and benzaldehyde are from Skelland and 
• Seksaria (1978), chlorobenzene from Moeti (1984), and 
is carbon tetrachloride from the International Critical Tables 
xi (1928). 
PAR33 
mos i 	Apparatus. The Experimental Agitator Model ELB 
sues 7 manufactured by Bench Scale Equipment Co. was used 
some is for the liquid-liquid dispersion studies. The unit included 
a a 1/4-hp drive motor, which supplied an infinitely variable 
sour u output speed of 0-20 rpe. The accuracy of the speed 
FARM 
r control dial was checked with a stroboscope. 
emu i 	Three glass, cylindrical, flat-bottomed vessels were used, 
to providing the ranges 2.13 S T/D 5 3.83 and I /r S HIT 
Sis406 21 5'/2. Four radial baffles at 90° intervals were employed, 
same to with TM= 12. The continuous phase was identified with 
s the aid of two conductivity electrodes made of copper wire, 
is 0.01 m apart and connected to a conductivity meter. 
PAM 
11111403 1 	Agitation was supplied by three sizes of a centrally 
it mounted six-flat-bladed turbine on a concentric vertical 
SENN is shaft. The shaft, impellers, and baffles were all made of 
sumo u 316 stainless steel. Dimensions of the equipment are listed 
s in Table II, and a diagram is shown in Figure 1. 
PAR42 
SENO3 i 	Operational Procedure. Before filling with a given 
anus 7 pair of liquids, the equipment was washed with detergent 
is and then rinsed with tap water, followed by deionized 
as water. 
PAWS 
BEM 1 	Two immiscible liquids in the desired volume propor- 
SEN06 9 tions (0.1 5 H2O S 0.9) were added to the vessel. The 
a impeller was centrally located at H/2 in all runs, and its 
is speed gradually increased in small increments, until visual 
is observation showed that complete dispersion was just 
sinus rs achieved. This state has been defined by Skelland and 
to Seksaria (1978) as follows: "The minimum mixing speed 
is of the impeller is the rotational speed just sufficient to 
as completely disperse one liquid in the other, so that no clear 
so liquid is observed either at the top or the bottom of the 
sum is mixing vessel. In some cases, clear liquid pockets of ap- 
t proximately 1 x 10 4 to 5 rt 10 4 re persisted near the sides 
is of the vessel at the top and the bottom, although the rest 
BEN15 as of the liquids were mixed. In some instances, small pools 
7 of clear liquid adhered to the drive shaft at the top of the 
suns as vessel. In order to mix these small liquid pockets, speeds 
1021421 11 had to be increased by 25-100% or more. To prevent such 
s anomalous results, a well-mixed or completely dispersed 
1.1 state was defined when only small, relatively nonstationary, 
as liquid pockets remained unmixed in the bulk dispersion. 
sexes I The rotational speed of the impeller corresponding to this 
u state is defined as the minimum mixing speed, 	and 
si is not necessarily the same as that required for a ho- 
Sarni 81 mogenous dispersion. More nearly homogenous diaper-
s sions may have occurred at speeds higher than the mini-
Is mum mixing speed, in accordance with the findings of 
sv Pavlushenko (1957) and Zwietering (1958)". 
PARIS 
swan i 	In the range 0.4 S 	0.6, after the continuous phase 
is had been identified in a given run, phase inversion was 
111 achieved in the next run by initiating dispersion with an 
34 auTilary off-center turbine, temporarily placed in the phase 
BEMs is desired to be continuous. The auxiliary turbine was 
s withdrawn after dispersion was established, the centrally 
is mounted turbine being started just prior to this with- 
• drawal, so as to maintain the dispersion. 
PAR51 
SENDS 1 	The reproducibility of the minimum mixing speed 
e needed to achieve complete dispersion was good and was 
is quantitatively similar to that found by Skelland and 
▪ Seksaria (1978). 
PARS4 
TBL I (003, 7- 8) 
TBL II (009,10-11), FIG 1 (009,18-19) 
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PARS{ 
SENO3 1 	The identification of the continuous phase in a given rim 
u was usually possible by the visual methods described in 
21 detail by Quinn and Sigloh (1963) and by Selker and 
SEMI a Sleicher (1965). However, the most reliable means of 
a identification was provided by the conductivity electrodes 
is in the vessel, as described earlier, and connected to a 
same ss conductivity meter. The conductivity of the aqueous phase 
a was much greater than that of the organic liquids, making 
slum is continuous phase identification a simple matter. Data and 
4 results for each run are recorded by Ramsay (1984). 
TXT12 
SENO3 1 Correlation of Results 
PAM 
nem i 	To increase the generality of the correlation to be de- 
li veloped, the results from the present 251 runs were com- 
as bind with those from 35 runs reported by van Heuven and 
n Beek (1971) and from the 195 runs made by Skelland and 
SENN 42 Seksaria (1978). This gave a total of 481 data points on 
	
11 5 types of impeller (3 radial flow and 2 axial flow), 4 1111- 	 7•-• • 1 
peller locations, 	1 systems, with 0.01 5 4. 0.6, 13  
mos as 5 T/D 5 3.83, an HIT 5 3/2. The impellers fee- 
{ tured in the combine 	 2. wo 	wn in Figure 
PARS* 	 I/2%. 
SENO3 The data were correlated by using the BMDP Statistical 
u Software, page 264, Program 9R, University of California 
19 Press, 1983. 
PAM 
SE2403 1 	In accomodating the densities of the two phases, van 
Heuven and Beek (1971) were successful in using a mean 
n density defined as 
Pm - 4Pd + - 44/4 	 (6) 
PAM. 
sEsas 1 	This same expression was used by Laity and Treybal 
(1957) in correlating power consumption in agitated liq-
le  systems in baffled vessels, together with the 
ae Vermeulen et al. (1955) expression for mean viscosity, 
se which is 
REQU 6 (003,23-24) 
( 	 1.5°4° il 	 4- P 
541 
SEN06 1 In the present work, N.,. was the dependent variable, 
whereas H, T, D, 	am, am , a, and m  were independent 
 PARS, 	
, 
al variables; pm and given by eq 6 and 7, respectively. 4, 	 
smos t The pooled 481 runs provided 16 useable sets of data, 
Is corresponding to 5 different impellers in 4 different loca- 
20 tions (including 2 impellers on a shaft) and with HIT 
so assuming values of 1/2. 1, and 3/2 for the centrally mounted 
SENDS 41 flat-blade turbine. For all the other impellers HIT was 
SENO!? 9 unity. Our correlation is as follows, based ontheydimen-
lo sional analysis, reformulation of the resulting groups in 
is terms of appropriate force ratios (Boucher and Alves, 
as 1959), and using an assumed exponential form 
Nw2P\ T \2°00„,  Pu2e  
gap 	D 	D5 ihee aPa 
SEN12 1 The correlation coefficient is 0.92 and the 95% confidence 
is intervals on the last two exponents are 0.106 * 0.073 and 
SEN15 22 0.084 * 0.017. (The presence of • in PM and mu may 
account for the small residual dependence on this variable 
SENN 20 shown in eq 8.) The experimental ranges covered for the 
▪ dimensionless groups were 1.75 (10 5 (NG.NB.) $. 8.78 
SEN21 17 (1012) and 0.17 5 N., 5 38.8. The values of C and a, with 
• the attendant 95% confidence intervals on a for the var- 
SEN24 u ious geometries studied, are given in Table In This table 
4 also shows the average percent deviation between calcu-
li fated and experimental N„, defined as 1001N,w,akd 
N,,,...,,i1/Nmiuska. 
SEM 1 The exponem un 
12 to be the same as that determined by Zwietering (1978) 
n for solid-liquid dispersions; his impeller and vessel di- 
n mansions were similar to those of van Heuven and Beek 
sluice as (1971). This was done because the range of T/D used by 
is van Heuven and Beek was not sufficient to achieve a re- 
(7) 
REQU 7 (003,35-36) 
TBL III (021,25-26) 
(13) 40.ei 
REQU 9 (021,13-14) 
• 
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n liable exponent (T/D equaled 3 for four systems and 3.33 
SS for the other system). 
PAR75 
senor 1 	The only check for this assumption is the exponent on 
SENN 19 T/D for a propeller located at H/4. Zwietering's exponent 
SENO 4 was 0.90 compared to the 0.67 of Seksaria. Because the 
• values are reasonably close, it seems safe to assume that 
14 the exponent for T/D is the same for the dispersion of 
is liquids as for the suspension of solids, at least until further 
as experimental data are taken. 
PARTS 
sexes 1 	The last dimensionless group on the right-hand side of 
eq 8 is the product of the reciprocals of the Galileo and 
sauce is the Bond numbers. The former (NG.) is proportional to 
• the ratio of inertial times gravitational force to the square 
sum is of the viscous force in the system. It has previously found 
a application in studies on circulation in baths of viscous 
aeons is liquids (Boucher and Alves, 1959; Kruszewski, 1957). The 
a Bond number is proportional to the ratio of gravitational 
mans 12 to interfacial tension forces prevailing in the system. It 
s has previously been used in work on the atomization of 
is liquids into droplets (Boucher and Alves, 1959; Richardson, 
szNis is 1953). The group on the left-hand side of eq 8 is the 
• Froude number, proportional to the ratio of inertial to 
SEMI is gravitational forces. These considerations enable eq 8 to 
s be expressed in the abbreviated form 












SENO!, 1 	Comparison between eq 10 and Zwietering's relationship 
s for solid-liquid suspensions in eq 4 is consistent with the 
is statement by van Heuven and Beek (1971) to the effect 
zs that "there are no good reasons to suppose that a great 
4o difference exists between the mechanism of "complete 
47 dispersion" (liquid-liquid) and "complete suspension" 
PARS7 	
(solid-liquid)". 
SENO3 1 	Equation 10 also compares closely in many respects with 
eq 2 for liquid-liquid dispersion using six-bladed disk 
19 turbine impellers, as given by van Heuven and Beek (1971). 
SENN I In their work, T/D was constant at 3.33 and was therefore 
13 a part of their coefficient 3.28. 
PAR90 
SENO3 1 	Figures 3, 4, and 5 show plots of N01e 	vs. 
is for the data sets provided by Skelland and Seksaria, van 
PARS: 
• 
Heuven and Beek, and the present work, respectively. 
SENoo 1 It is perhaps cautionary to note that the equation ob- 
n tamed by application of the standard statistical techniques 
is used here to the 481 data points depends on the form 
SENO. 30 assumed for correlation. Thus, if we assume 
Ny •. C•DbApc)//a d'aiep m" 	(11) 
application of the BMDP program 9R gives 
Nv CpDs4o.43meossmdort,soioo.iopm-ses ( 12) 
PAR,' 
sexes 1 	However, if )1 and Aid in eq 11 are replaced by the single 
is quantity pm, the result from program 9R becomes 
N., • cr. Ds Ap osimmosseosesep  
PAM* 
SENO3 1 	The correlation coefficients for eq 12 and 13 are 0.952 
SENN! 12 and 0.949, respectively. (These values exceed that ifz„eqa 
 • 
SEN09 19 13 than the five independent group variables m eq o.) vlar 
3 may note the changes in exponent on e and on pm in eq 
is 12 and 13 resulting from replacement of s c and )1/4 by a m. 
PARIOS 
SENO3 1 	Scale-up. The criterion of equal power input per unit 
SENN is volume on large and small scales of operation has long been 
91 advocated for duplicating effects on the two scales of 
FIG 3 (003, 3- 4), FIG 4 (003, 4- 5) 
FIG 5 (003, 6- 7) 
-0.6S 
REQU 11 (006, 5- 6) 
REQU 12 (006,12-13) 
REQU 13 (003,22-23) 
(9) 
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PAR102 
salvos 30 mixing. This proposition is examined below for the cases 
10 of full geometric similarity and of variable T D at constant 
so W/D, HIT, BIT, and 40, respectively. 
PARIS. 
SENO3 1 	(a) Full Geometric Similarity on Two Scales of 
SENO@ 10 Operation. The present work was in the region- of NR. 
SENDS 11 > MY, denoting turbulence throughout. In this case, with 
s full baffling, Ns is not a function of NR. (Skelland, 1967). 
5E1412 1 Then P//V3D3pm is constant for a given system, and since 
is V is proportional to D3, 
P P /VW 
(14) V `` D3 CC D3 
SENO 1 For constant physical properties, T/D, and 45, eq 10 shows 
SENN 12 that Nw„.. (constant)D'In. Substituting, 
REQU 14 (012,16-17) 
V rrnis 	 (15) 
PARIS. 
SENO3 i 	Evidently the power consumption per unit volume de- 
s creases witliti<incressing size of the apparatus to obtain 	<-- cult, , 	II xj4  
19 the minimum impeller speed for complete dispersion. 
PAR111 
12 is in error in the safe direction. 	 `kiidt't 	11Mb-1°/CIAd tW 611"/ 
same 1 Clearly the "rule" of equal power input per unit volume 
is 1 and 2: 
	
a larity, and constant .0, eq 10 gives the following for scales 	 'OM, Alq,k/Ytt 4,4 salvos 1 	For constant physical properties, full geometric simi- 
PAR114 
SENO3 1 	(b) Variable TIP on Two Scales of Operation. 
SEMI 1 Equation 10 may be written in the following form for 
12 constant physical properties and p: 
N., (constantl(L- rD-°-71 	(17) 
SENN 1 Then 
REQU 15 (018, 2- 3) 
Nam, (D2 )0.71  
(16) Nw„ 2 
REQU 16 (003,22-23) 




SEN12 1 Values of 3a - 2.87 for each set of data appear in Table 
la III. 
PAR117 
SENO3 1 	Suppose that scale-up is to be accomplished in a large 
5EN06 12 vessel of fixed diameter T. The negative nature of 3a - 
a 2.87 in the case of single propellers and double curved- 
17 blade turbines means that power input per unit volume 
same 26 decreases with decreasing D for these impellers. The op- 
posite conclusion holds for the pitched-blade turbines, 
10 flat-blade turbines, single-curved-blade turbines, and the 
8E1412 is disk turbine. It is therefore concluded that when using 
9 pitched-blade turbines, flat-blade turbifies, single- 
is curved-blade turbines, or disk turbines, it is more eco- 
n nomical to obtain complete dispersion with large impellers 
suns n rotating at low speeds. The reverse is true for the other 
TXT15 
e impellers featured in this investigation. 
salvos 1 Conclusions 
PAR120 
551403 1 	The present study is believed to be an advance on the 




SENO3 1 	A new correlating form is used, involving the composite 
PAR12811 
 properties p m and pm. 
SENO3 1 	Results from three different sources, van Heuven and 
- Celmaria (19781. and the present 
is work, are combined into en overall 
PAR120 
SENO3 1 	This has resulted in a 2.47-fold increase in the number 
PAR132 12 of data points, from 195 to 481. 
same 1 	Six new liquid-liquid systems are introduced—four from 
9 van Heuven and Beek and two from this study—to give 
(18) 
REQU 18 (009, 2- 3) 
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a total of 11 systems. This broader base has permitted a 
better distribution of dependencies upon physical prop-
erties than in the previous study. 
Three new variables—H, T, and 4r—have been included 
in the experimental data. 
Observations for a fifth type of impeller—the six-bladed 
disk turbine used by van Heuven and Beek—are now in-
cluded in the data collection. 
Improved statistical correlation has resulted from the 
use of the BMDP Statistical Software program. 
Nevertheless, the qualitative scale-up conclusions remain 
essentially the same, as do the observations regarding 
choice of impeller and its location, the types of mixing 
phenomena that occur, and which phase becomes dis-
persed. 
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Nomenclature 
B = baffle width, m 
C, Ca C' = constants—"shape factors" 
D = impeller diameter, m 
Dp = particle diameter, m 
g a  acceleration due to gravity, m/s2 
H = height of liquid in the vessel, m 
= Bond number, D3gAp/ a 
Froude number, DN2P,4184 
= Galileo number, D3pygap/am2 
= minimum rotational speed of impeller for complete 
liquid-liquid dispersion in agitated, baffled vessels without 
regard to uniformity, rev/s 
P = power input to the system, W 
R = weight fraction of solids 
T = tank diameter, 01 
V = volume of total liquid, m 3 
W s. width of impeller blade, in 
a, ay, a' .■ constants 
Me Pd .■ viscosities of continuous and disperse phases, N a/m2 
P. pa = densities of continuous and disperse phases, Wm' 
• 8Pa + (1 - ib)Pe, kerns 
= IP. 	kg/m 9  
• interfacial tension, N/m 
a = volume fraction of disperse phase 
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REM 
CAPOO t Figure 1. Schematic diagram of the experimental apparatus. 
a) Pitched blade turbine 	 0) Marine-type propeller 
Axial floe impellers used. 
m:E:= 	=3=0 	cect2p 
c) flat-blade turbine 	d) curved-blade turbine 	disit turbine 
itedial flow impellers used. 
CAPOO 1 Figure 2. Five types of impellers [or which eq 8-10 have been 
CAPOO 12 developed. 
A 
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CAPOO 1 Figure 3. Application of eq 8 to the published data of Skelland and 
CAPO3 13 Sekaaria (1978). 
CAPOO 1 Figur 4. Application of aq 8 to the published data of van Heuven 
CAPO3 13 and Beek (1971). 
CAPOO 1 Figure 5. Application of eq 8 to the data obtained in the present 













































UNIT NO. 188 
	 550805 
Gal. 10 PR4M51 PR840004W V024 1004 
Table E Fluid Properties at 23 •C 
	 N s 
	
dynam 	intertse 
viscos, tension with 
fluid 	density, kg/ms 2 	water, N/m 
ethyl acetate 894 	0.00048 0.00627 
benzaldehyde 1041 0.0014 	0.0145 
chlorobenzene 1106 	0.0010 0.0382 
carbon tetrachloride 1590 0.0010 	0.048 
water 997 	0.0009 
INITIAL TABLE WIDTH IS SINGLE COLUMN 
Table H. Apparatus Dimensions 
int diem of 	liq ht in 	baffle 
vessel, m vessel, in width, m 	impeller diem', m 
0.218 0.218 0.019 0.102, 0.076, 0.065 
0.241 0.121 0.019 0.102, 0.076, 0.065 
0.241 0.241 0.019 0.102, 0.078, 0.065 
0.241 0.382 0.019 0.102, 0.076, 0.085 
0.292 0.292 0.026 0.102, 0.076 
INITIAL TABLE WIDTH IS SINGLE COLUMN 
Table In. Correlation. and Average Deviation between 	and 
set 	HIT 	impeller loot C 	a 	intery on a 
95% confid 















propeller 3 1 11/2 4.33 0.79 *0.44 17.7 	-0.50 
(three blades) 4 1 1114,311a 
downthrusting 5 1 HI4 1.95 1.44 	*0.47 13.9 1.45 
pitched-blade 1 3HI4 1.98 1.17 *0.47 14.2 0.64 
turbine 7 1 11/2 0.84 1.9'7 *0.47 18.6 3.04 
Jig blades) 8 1 1114,31114 0.94 1.27 	1-0.47 10.0 0.94 
flat-blade 9 1 H/4 0.91 2.02 *0.45 9.9 319\ 
turbine 10 1 3H/4 • • • 
(siz blades) 11 1 H/2 0.95 1.38 	*0.13 	11.5 1.27 
12 1 H/4, 3H/4 • • • • 
18 1/2 H/2 0.70 L24 *0.28 10.2 0.85 
3/2 HI2 1.10 1,70 	*0.28_ 	14.7 2.23 
curved-blade 13 1 HI4 1.03 1.86 *0.46 10.2 2.71 
turbine 14 1 3H/4 • • • 
(six blades) 15 1 11/2 1.34 1.20 	*0.46 	8.9 0.73 
16 1 311/4 1.20 0.94 *0.46 10.7 -0.05 
disk turbine 
(six blades) 
17 1 H/2 0.53 
+ovo2b 
1.70 15.8 	2.23 	NN, 
•Aaterisks indicate insufficient data due to splashing. 
INITIAL TABLE WIDTH IS DOUBLE COLUMN 
The number of words in this manuscript is 3081. 
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Text Page Size Estimate 	03.2 Pages 
Graphic Page Size Estimate .• 01.6 Pages 
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EFFECTS OF SURFACE-ACTIVE AGENTS ON DROP SIZE, 
TERMINAL VELOCITY, AND DROPLET OSCILLATION IN 
LIQUID-LIQUID SYSTEMS 
by 
A. H. P. Skelland*, Sally Woo and George G. Ramsay 
School of Chemical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
ABSTRACT  
Drop size, terminal velocity, and the onset of oscillation 
of chlorobenzene drops falling through water were determined in 
systems containing anionic, cationic, or nonionic surfactants. 
Surfactant concentration, nozzle diameter, and nozzle velocity 
were varied to cover the range of most industrial applications of 
drop formation from circular orifices in the nonjetting region. 
Existing correlations for drop size and terminal velocity in 
uncontaminated systems are shown to be adequate in the presence 
of surfactants (SAA) when used with the diminished value of 
interfacial tension due to the SAA. The applicability of 
criteria for the onset of oscillation in pure systems to those 
containing surfactants is examined. 
1 
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ABSTRACT  
An experimental study has been made of the effects of 
anionic, cationic, and nonionic surface active agents on jet 
length, jet contraction, and drop size resulting from the 
formation and breakup of liquid jets in another immiscible 
liquid, while undergoing mass transfer. 
Correlations previously established for uncontaminated 
systems with various rates of mass transfer successfully fitted 
the present data, when used with the diminished value of 
interfacial tension caused by the surfactant. Variables included 
nozzle size, flow rate, and type and concentration of 
surfactant. Data were obtained from measurements on over 3,000 
drops, plus jet lengths and jet diameters from 501 photographs. 
1 
Conclusions 
New data are presented on the effects of anionic, cationic, 
and nonionic surface active agents on jet length, jet 
contraction, and drop size in a liquid-liquid system undergoing 
moderate rates of mass transfer. 
Existing correlations, obtained from uncontaminated systems 
with "moderate" rates of mass transfer, were found to correlate 
the new data with S.A.A. for jet length and jet contraction 
within the rather broad limits of accuracy to be expected for 
these fluctuating quantities. 
In contrast, drop size from jet break-up was best correlated 
by a relationship previously obtained for S.A.A. - free sytems with 
"very low" rates of mass transfer. 
All correlations were applied using the diminished value of 
interfacial tension caused by the presence of the surfactant. 
Transfer was from the disperse to the continuous phase 
throughout. No distinctions were found between the effects 
obtained from the three different surfactants used on Lj , d jc , 
and d ip at a given value of interfacial tension. 
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The effects have been examined of nonionic, anionic, and 
cationic surface active agents (S.A.A.) on the minimum impeller 
speed for complete dispersion in agitated vessels. Variables 
included size and form of impeller, fluid properties in two 
equal-volume liquid-liquid systems, and surfactant 
concentration. The Skelland and Ramsay (1983) correlation 






served to predict the minimum impeller speed, when used with 
diminished interfacial tensions due to the presence of S.A.A., 
with an overall absolute deviation of 11.67%. This contrasts 
with some droplet phenomena, where more elaborate allowance for 
contamination effects are required (Mekasut et al., 1979). The 
difference between deviations among the surfactant systems was 
accounted for by experimental error and verified by two methods 
of statistical analysis. 
1 
particular species of surface active contaminants used here. 
Rather, the surfactants are intended to simulate some of the 
impurities encountered industrially, which are usually unknown 
with regard to number of species, structure, and concentration. 
The object, then, is to ascertain whether characterization of 
their effects by measurement of a single property, a, is adequate 
for purposes of prediction of Nm i n via equation 10 without 
further modification. The indications from this study are in the 
affirmative. 
For developments regarding scale-up the reader is referred 
to Skelland and Ramsay (1983). 
ACKNOWLEDGEMENTS 
Partial financial support from National Science Foundation Grant 
Nos. CPE 82-03872 and CPE 82-03872/01 is gratefully acknowledged. 
12 
COPYRIGHT STATUS FORM 
Industrial and Engineering Chemistry Research 
Donald R. Paul, Editor 
Elizabeth S1 aymaker IE870017U A. H. P. Skelland, 
Author(s) 
Ms Title 
    
Effects of Surface 
Systems 
Active Agents on Drop Size in Liquid -Liquid 
Ms No. 




This manuscript is being considered with the understanding it has been submitted on an exclusive basis. The office noted below will write 
you of our decision regarding it as soon as possible. 
r 	 -1 	 RETURN FORM TO: A. H. P. Skelland 
School of Chemical Engineering 
	
Manager, Manuscript Office 
Industrial and Engineering Chemistry Research The Georgia Institute of Technology 	
1155 - 16th Street, N.W. Atlanta, Georgia 30332 	
Washington, D.C. 20036 
L 	 _J 
COPYRIGHT TRANSFER 
The undersigned, with the consent of all authors, hereby transfers, to the extent that there is copyright to be transferred, the exclusive copyright interest in 
the above cited manuscript (subsequently referred to as the "work") to the American Chemical Society subject to the following (Note: if the manuscript is 
not accepted by ACS or if it is withdrawn prior to acceptance by ACS, this transfer will be null and void and the form will be returned.): 
A. The undersigned author and all coauthors retain the right to revise, adapt, prepare derivative works, present orally, or distribute the work provided 
that all such use is for the personal noncommercial benefit of the author(s) and is consistent with any prior contractual agreement between the 
undersigned and/or coauthors and their employer(s). 
B. In all instances where the work is prepared as a "work made for hire" for an employer, the employer(s) of the author(s) retain(s) the right to revise, 
adapt, prepare derivative works, publish, reprint, reproduce, and distribute the work provided that all such use is for the promotion of its business 
enterprise and does not imply the endorsement of the American Chemical Society. 
C. Whenever the American Chemical Society is approached by third parties for individual permission to use, reprint, or republish specified articles 
(except for classroom use, library reserve, or to reprint in a collective work) the undersigned author's or employer's permission will also be 
required. 
D. No proprietary right other than copyright is claimed by the American Chemical Society. 
E. For works prepared under U.S. Government contract or by employees of a foreign government or Its instrumentalities, the American Chemical 
Society recognizes that government's prior nonexclusive, royalty-free license to publish, translate, reproduce, use, or dispose of the published 
form of the work, or allow others to do so for noncommercial government purposes. State contract number: 	  
SIGN HERE FOR COPYRIGHT TRANSFER [Individual Author or Employer's Authorized Agent (work made for hire)] 
Print Author's Name 	 Print Agent's Name and Title 
Original Signature of Author on Behalf of All Authors (in Ink) 
	
Date 	Original Signature of Agent (in Ink) 
CERTIFICATION AS A WORK OF THE U.S. GOVERNMENT 
This is to certify that ALL authors are or were bona fide officers or employees of the U.S. Government at the time the paper was prepared, and that the work 
is a "work of the U.S. Government" (prepared by an officer or employee of the U.S. Government as a part of official duties), and, therefore, it is not subject 
to U.S. copyright. (This section should NOT be signed it the work was prepared under a government contract or coauthored by a non-U.S. Government 
employee.) 
INDIVIDUAL AUTHOR OR AGENCY REPRESENTATIVE 
Print Author's Name 	 Print Agency Representative's Name and Title 
Driginal Signature of Author (in Ink) 
	
Date 	Original Signature of Agency Representative (in Ink) 
-OREIGN COPYRIGHT RESERVED (NOTE: If your government permits copyright to be transferred, refer to section E and sign this form in the top 
iection.) 
D If ALL authors are employees of a foreign government that reserves its own copyright as mandated by national law, DO NOT SIGN THIS FORM. Please check this box as your request for the FOREIGN GOVERNMENT COPYRIGHT FORM (Blue Form) which you will be required to sign. If you 
check this box, mail this form to: Copyright Administrator, Books and Journals Division, American Chemical Society, 1155 Sixteenth Street, N.W., 





EFFECTS OF SURFACE ACTIVE AGENTS 
ON DROP SIZE IN LIQUID-LIQUID SYSTEMS 
By 
A. H. P. Skelland and Elizabeth A. Slaymaker 
School of Chemical Engineering 
The Georgia Institute of Technology 
Atlanta, GA 30332 
Georgia Institute of Technology 
School of Chemical Engineering 
Atlanta, Georgia 30332-0100 
(404) 894- 2 8v 8 GEORGIA TIC!! le a5-1915 
DESIGNING TOMORROW TODAY 
January 12, 1987 
The Manager 
Manuscript Office 
Industrial & Engineering 
Chemistry Research 
American Chemical Society 
1155, 16 St. N.W. 
Washington, D.C. 20036 
Dear Sir: 
I enclose four copies of the paper on "Effects of Surface Active 
Agents on Drop Size in Liquid-Liquid Systems" by myself and 
Mrs. Elizabeth A. Slaymaker, which you may consider suitable for 
publication in the new journal "Industrial and Engineering 
Chemistry Research". 
Yours sincerely, 




An Equal Education anti Employment Opportunity Institution 
	
A 11N1 of the I Inivorcitv Qvctam rd (7:Awn.= 
ABSTRACT 
Extensive new experimental data are presented on the effects 
of anionic, cationic, and nonionic surface active agents on the 
size of drops formed at a nozzle tip in liquid-liquid systems. 
The Scheele and Meister equation for predicting drop size in 
surfactant-free systems was found to give generally satisfactory 
agreement with these data, when used with the diminished 
equilibrium value of interfacial tension caused by the 
surfactant, for drop formation times of 0.5 to 4 seconds. 
Various minor trends are identified within this general area of 
agreement. 
The need to confine use of the Scheele and Meister equation 
to its specified range of nozzle diameters is confirmed by the 
present data, in both the presence and the absence of surface 
active agents. 
1 
equilibrium value of interfacial tension due to the surfactant, 
for drop formation times of 0.5 to 4 seconds. 
Thus, the mean deviation between calculated and experimental 
drop volumes in the presence of surfactants was 1.8% and the mean 
absolute deviation was 12.9%. For our systems without added 
surfactant, the mean deviation was 6.8% and the mean absolute 
deviation was 9.5%. Various minor trends are identified within 
this general area of agreement. 
The importance of applying the Scheele and Meister equation 
only within its specified range of nozzle diameters is confirmed 
by the present data, obtained both with and without surface 
active agents. 
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ABSTRACT  
Disperse-phase mass transfer rates were measured in a 
baffled vessel agitated with 6-flat-blade turbines. The results 
from three liquid-liquid systems were used to select the better 
of two theoretical models of the process and were also correlated 
with operating variables and physical properties. The internal 
state of the drops is considered. 
values predicted by equation (38) was 9.8%. 	Figure 5 shows a 
plot of predicted versus experimental k d for the 55 runs 
correlated. 
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ABSTRACT  
An expression is developed for the drop breakage frequency 
in liquid-liquid systems agitated by a 6-flat-blade turbine in a 
baffled vessel. This is based on the 'OPED model of Molag et al 
(1980). The resulting relationship contains only one constant, 
k, which is evaluated from experiments on three liquid-liquid 
systems and correlated with operating conditions and physical 
properties by dimensional analysis. 
Values of Sauter mean drop diameter at various times during 
each run were calculated from the correlation for comparison with 
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e) Technical Description of Project and Results 
This report describes work performed in the author's laboratory - partly 
with the support of NSF Grant No. CPE-8203872 - on liquid-liquid dispersion 
and mass transfer in agitated, baffled vessels, as used in liquid-liquid 
extraction, batch polymerization processes, and chemical reactors. 
Part I. Minimum Impeller Speeds for Newtonian Liquid-Liquid Dispersion in 
Baffled Vessels. 
With the single exception of the paper by van Heuven & Beek (1971), the 
only Newtonian fluid studies in this area have been those by Skelland and 
Sek saria (1978), Skelland and Lee (1978), Skelland and Ramsay (1983) and 
(1987), and Skelland and Moeti (1984). 
The latest and most comprehensive study of the minimum impeller speed 
required for complete dispersion (Skelland and Ramsay, 1987) was based on 
variables which included five common types of impeller, two generating axial 
flow and three radial flow, in four locations; fluid properties in eleven 
systems; tank diameter (T); liquid height (H); and volume fraction of the 
disperse phase (0). Observations from 481 runs drawn from three different 




2 T 	0.106 	-0.084 (N 	) . 	C (—) 0 	(N. N 	) Fr min Ga Bo 
where N fr , NGa , and NB() are the Froude, Galileo, and Bond numbers, D is 
impeller diameter, and C and a are tabulated according to impeller type, 
location, and - in some cases - the ratio H/T. Scale-up relationships were 
developed from the above expression. The paper is currently in the galley 
proof stage of publication in Industrial and Engineering Chemistry Research. 
The paper with L. Moeti (1984) shows experimentally that the above 
equation is adequate in the presence of surface active contamination (which 
commonly occurs industrially), provided that it is used with the diminished 
value of interfacial tension (in NB0 ) due to the presence of the surfactant. 
The paper was first presented in the symposium on "Interfacial Phenomena in 
Liquid Extraction," chaired by Prof. W. J. Heideger, at the San Francisco 
meeting of the AIChE in November, 1984, and is now in the course of 
publication. 
The above studies, first outlined in the proposal leading to NSF Grant 
No. CPE-8203872, are now complete. Shortage of NSF funds led to provision of 
only part of the support requested, preventing study of the effects of making 
first the continuous phase, then the disperse phase, and finally both phases 
non-Newtonian, by the addition of such materials as Carbopol 934 in various 
small concentrations. 
Part II Mass Transfer in Agitated Liquid-Liquid Systems 
L. T. Moeti performed 180 runs in agitated liquid-liquid systems in 
baffled vessels, to measure the continuous phase mass transfer coefficient in 
high and low interfacial tension systems. He found that 
k a N 1.5 1.1 -1/3D 2/3 
c 
where N is impeller speed, p c is the continuous phase viscosity, and D is 
solute diffusivity in the continuous phase. Agitation was provided by a 
centrally mounted turbine with six flat blades. 
Hu Xien, a one-year visiting scholar from Tsing Hua University in 
Beijing, P.R.C., performed 86 runs on three agitated liquid-liquid systems, to 
measure the disperse phase mass transfer coefficient for the first time in 
such equipment. His results were used to select the better of two highly 
preliminary models of the process and were also correlated empirically in 
dimensionless form. The enclosed papers outline the work more fully. 
Drop sizes in both studies were known from measurement of photographs 
taken during each run. 
The merits of batch operation in elucidating transfer mechanisms and in 
evaluating k d and kd have not perhaps been fully appreciated. Thus droplet 
breakdown into successively smaller drops persists for several minutes after 
injection of the disperse phase (Skelland and Lee, 1981; Bapat et al, 1983; 
Bapat and Tavlarides, 1985; Hong and Lee, 1985), whereas mass transfer is 
usually complete after a minute or two (Rushton et al, 1964; Treybal, 1980; 
Skelland and Lee, 1981). Batch operation in the manner used here enables this 
behavior to be quantitatively followed with time by measurement of k, drop 
size, and surface area from moment to moment for a single injected element of 
disperse phase. In contrast, continuous operation gives only average transfer 
conditions corresponding to many different elements of disperse phase which 
simultaneously occupy the vessel but which entered it at different times and 
which are therefore in different stages of mass transfer and drop breakup at 
any given instant. The time history of a given element of disperse phase in 
the vessel cannot then be followed in the manner necessary to properly model 
the process. 
Part III Additional accomplishments that have been partially aided by NSF  
Grant No. CPE-8203872  
The following four sets of research results, although not obtained in 
agitated vessels, show closely related aspects of droplet behavior in liquid-
liquid systems. They were all performed while the author and G. G. Ramsay 
were partly supported by NSF Grant No. CPE-8203872. 
The paper by Skelland and Vasti deals with the effects of interaction 
between droplets in swarms on various transport processes. The paper by 
Skelland, Woo, and Ramsay shows the effects of surface active contamination on 
some aspects of drop behavior, including oscillation; the enclosed letter from 
Dr. R. L. Pigford, editor of I/EC Fundamentals, states that he intends to 
publish it after revision. Also included are papers, title pages, and 
abstracts of the M.S. theses of P.G. Walker and Elizabeth Slaymaker, on the 
effects of surfactants on jet breakup and drop size in liquid-liquid 
systems. These studies are now being reviewed for publication. 
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